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CHAPTER I 

INTRODUCTION 

I 
I '  

The decay of a nucleus i n  an excited s ta te  is usual ly  considered 

a s  proceeding by t h e  independent processes of gamma ray emission and 

i n t e r n a l  conversion, which, when de tec ted ,  y i e l d  monoenergetic d i s t r i -  

bu t ions  i n  energy. However, i t  has been observed t h a t  t he  conversion 

e l e c t r o n  spectrum of var ious  nuc lear  decays c o n t a i n s  a continuous 

d i s t r i b u t i o n  of e l e c t r o n s  i n  t h e  energy range j u s t  below the K shell  

conversion l i n e .  The presence of t h i s  continuous d i s t r i b u t i o n  has  been 

ascribed t o  the  i n t e r n a l  Compton e f f e c t  i n  which an o r b i t a l  e l e c t r o n  

and a g a m a  ray are simultaneously emitted and share the energy of the  

n u c l e a r  t r a n s i t i o n .  I n  analogy t o  t h e  e x t e r n a l  Compton effect ,  t h e  

process can be considered to  take place by means of the  nucleus 

e m i t t i n g  a v i r t u a l  gamma ray which s c a t t e r s  of f  the atomic e l e c t r o n s  

and r e s u l t s  i n  an ion ized  e l e c t r o n  and a real gamma ray being emitted.  

As i n  i n t e r n a l  conversion,  t h e  v i r t u a l  gamma ray is t h e  f i e l d  charac- 

terized by t h e  periodic o s c i l l a t i o n s  of t h e  electric or magnetic moment 

of t h e  nuc lear  charge d i s t r i b u t i o n .  Taylor and ldott' have shown tha t  

t h e  process  where t h e  atomic e l e c t r o n s  de-exci te  the nucleus proceeds 

by direct i n t e r a c t i o n  of t he  i n n e r  e l e c t r o n s  w i t h  t h e  nucleus,  and tha t  

i t  is n o t  a phenomenon uniquely involving a real gamma ray i n  t h e  

i n i t i a l  s tate.  The nomenclature of i n t e r n a l  Compton e f f e c t  is a r e su l t  

of t h e  i n t e r p r e t a t i o n  i n  which t h e  nuclear  f i e l d  is c h a r a c t e r i z e d  as a 

1 



. 
v i r t u a l  gamma ray.  

s c a t t e r i n g  process  similar t o  t h a t  of t h e  e x t e r n a l  Compton e f f e c t  with 

t h e  exception t h a t  t h e  i n i t i a l  photon is no longer  a p lane  wave. 

I n  t h i s  case, t h e  i n t e r a c t i o n  can be descr ibed as a 

I n t e r n a l  bremsstrahlung, a process  r e s u l t i n g  i n  t h e  same f i n a l  

s ta tes  of e l e c t r o n  and gamma r a y ,  is described as t h e  r a d i a t i o n  accom- 

panying charged p a r t i c l e  t ransformation i n  processes l i k e  beta decay. 

C l a s s i c a l l y ,  i t  is  also possible t o  th ink  of t h e  i n t e r n a l  Compton 

e f f e c t  as being of a bremsstrahlung o r i g i n  i f  one cons iders  t h e  radia- 

t i o n  t o  occur when the  i n n e r  shel l  e l e c t r o n s  i n t e r a c t  w i t h  t he  n u c l e a r  

f i e l d  and are accelerated t o  an ion ized  state. Under these c o n d i t i o n s ,  

2 
t h e  i n t e r n a l  Compton e f f e c t  could be described as r a d i a t i v e  conversion 

r e s u l t i n g  from t h e  emission of a photon in t h e  i n t e r n a l  conversion 

process.  

The i n t e r n a l  Compton e f f e c t ,  i n  comparison t o  o t h e r  n u c l e a r  

processes, is q u i t e  small. Its i n t e n s i t y  is less than t h a t  of the  

conversion by a f a c t o r  t h e  o r d e r  of 0 ,  t h e  f i n e  s t r u c t u r e  c o n s t a n t ,  and 

less than gamma ray emission by a f a c t o r  of c?. The observa t ion  of t h e  

i n t e r n a l  Compton effect can e a s i l y  be obscured by t h e  presence of back- 

ground r a d i a t i o n  r e s u l t i n g  from t h e  Compton s c a t t e r i n g  of h igher  energy 

gamma r a y s  i n  t h e  source  or d e t e c t o r ,  from a b a c k s c a t t e r i n g  d i s t r i b u -  

t i o n  of t h e  conversion l i n e ,  or by a competing b e t a  decay. 

these experimental  problems have made direct observa t ion  of t h e  e l e c t r o n  

spectrum of t h e  i n t e r n a l  Compton e f f e c t  very  d i f f i c u l t ,  experimenters  

have ins tead  considered t h e  angular  c o r r e l a t i o n  between t h e  e l e c t r o n  

Because 

and the  s c a t t e r e d  gamma ray.  314,516 

In performing t h i s  experiment w e  sought t o  confirm t h e  e x i s t e n c e  

of t h e  i n t e r n a l  Compton effect and t o  i n v e s t i g a t e  whether t h e  d i s t r i b u t i o n s  

2 
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could be used to determine the multipolarity of nuclear transitions. 

At present, multipolarity assignments are made on the basis of 

angular correlation experiments or by comparing the internal conversion 

coefficients with the theoretical predictions. Because of persistent 

problems with efficiency and solid angle ratios, statistics, scattering, 

and background, the above methods sometimes yield ambiguous results. 

Determining the multipolarity assignments by observing the 

internal Compton effect with the superconducting magnet spectrometer 

has several possible advantages. Tfre design of the spectrometer has 

eliminated all instrumental distortions from the electron spectrum and 

enables small effects to be observed without coincidence techniques. 

By fitting the theoretical distributions for the internal Compton 

effect to the data there are two criteria o n  which to judge the multi- 

polarity assignment: the intensity of the effect as a function of 

multipole order, and the shape of the energy distribution as a function 

of multipolarity. Either or both of these criteria, in conjunction 

with the theoretical calculations for the internal conversion 

coefficients, may be able to lead to a new method of determining the 

multipolarity of a converted nuclear decay. 

3 



THEORY 

The first cons ide ra t ion  of t h e  i n t e r n a l  Compton e f f e c t  was 

made by E. P. Cooper and P. Morrison' who termed the  process  t h e  

i n t e r n a l  s c a t t e r i n g  of gamma rays .  Several  experimenters8 had 

noted tha t  t he  spectrum of ThC" conta ined  an unexpectedly large number 

of e l ec t rons  i n  t h e  energy range  j u s t  below t h e  s t rong  K s h e l l  conver- 

s i o n  l i n e  from a 2.62 MeV t r a n s i t i o n .  I t  was realized t h a t  t h e s e  

e l ec t rons  appeared above the  upper l i m i t  f o r  t h e  energy t h a t  a recoil 

e l e c t r o n  could r ece ive  i n  Compton s c a t t e r i n g  i n  t h e  source .  In  

Compton s c a t t e r i n g ,  t h e  inc iden t  quantum cannot t ransmi t  an a r b i -  

t r a r y  amount of i t s  energy t o  t h e  e l e c t r o n  because of t h e  conserva t ion  

of momentum between t h e  inc iden t  p l ane  wave and the  free e l e c t r o n .  In  

t h e  i n t e r n a l  Compton e f f e c t ,  however, t h e  e l e c t r o n  i n t e r a c t s  with t h e  

spherical mul t ipo le  f i e l d  of t he  nuc leus ,  which being a heavy body, 

can take  up momentum without  removing a s i g n i f i c a n t  amount of energy. 

This  r e l axes  t h e  momentum requirements  on t h e  gamma quantum and allows 

t h e  e l e c t r o n  t o  acqu i r e  any energy up t o  t h e  energy of t h e  t r a n s i t i o n  

minus t h e  binding energy. 

An idealized sketch of t h e  I n t e r n a l  Compton effect showing the  

e l ec t ron  and gamma d i s t r i b u t i o n s  is g iven  i n  F igu re  1. For any event ,  

t h e  sum of t h e  scattered e l e c t r o n  energy ,  and t h e  photon energy,  k, 'e' 

4 
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must b e  equal t o  t h e  energy of t h e  t r a n s i t i o n  minus t h e  binding energy. 

I 
f 

1 -  

Ee + k = W - EB = W’ (1 1 

Cooper and Morrison l i m i t e d  t h e i r  c a l c u l a t i o n  t o  cons idera t ion  

of s c a t t e r i n g  of t h e  s e l e c t r o n s  from t h e  K s h e l l  by a quant ized 

electric d i p o l e  r a d i a t i o n  f i e l d  i n  t h e  l i m i t  t h a t  t h e  t r a n s i t i o n  

energy approaches i n f i n i t y .  This r e s t r i c t i o n  is not  e a s i l y  appl ied  t o  

t r a n s i t i o n s  of 1 MeV o r  less, so t h i s  c a l c u l a t i o n  is not  included f o r  

comparison w i t h  t h e  d a t a .  I t  is i n t e r e s t i n g  t o  n o t e ,  however, t h a t  a t  

the  t i m e  t he  c a l c u l a t i o n  was performed, t h e  r e s u l t  was so small  tha t  

Cooper and Morrison reached the  conclusion t h a t  t h e  spectrum w a s  

ins t rumenta l ly  produced. 

The c a l c u l a t i o n s  which w e  w i l l  compare w i t h  t h e  observed d a t a  

can be subdivided i n t o  two classes: those which d e s c r i b e  t h e  proba- 

b i l i t y  of a K s h e l l  e l e c t r o n  i n t e r a c t i n g  wi th  t h e  nuc lear  f i e l d  and 

subsequently ejected w i t h  a photon, and t h o s e  which d e s c r i b e  t h e  process  

as bremsstrahlung of t h e  emitted conversion e l e c t r o n s .  

The i n t e r n a l  bremsstrahlung of charged p a r t i c l e s  was der ived  by 

Knipp and Uhlenbeckg to expla in  t h e  cont inuous r a d i a t i o n  which accom- 

panies beta decay. The process ,  a s  a p p l i e d  t o  i n t e r n a l  conversion,  is 

i n t e r p r e t e d  as t h e  r a d i a t i o n  emitted as an  e l e c t r o n  is l eav ing  t h e  

f i e l d  of t h e  nucleus w i t h  a d e f i n i t e  energy. They have c a l c u l a t e d ,  

using r e l a t i v i s t i c  quantum mechanics and the  Born approximation f o r  t he  

f i n a l  e l e c t r o n  s ta te ,  the  p r o b a b i l i t y  t h a t  an e l e c t r o n ,  born a t  t h e  

nucleus a t  a t i m e  t e 0 with an energy w‘ , w i l l  e m i t  a quantum of 

energy k. To f i n d  t h e  p r o b a b i l i t y  t h a t  t h e  system of t h e  e l e c t r o n  and 

6 
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I 
. ,  t h e  r a d i a t i o n  f i e l d  be i n  t h e  f i n a l  s t a t e  wi th  a t o t a l  energy W/= Ee + k 

a t  a t i m e  t ,  f i r s t  o rde r  pe r tu rba t ion  theory f o r  a one photon change w a s  

employed. The i n i t i a l  e l e c t r o n i c  wave func t ions  were f r e e ,  outgoing, 

nonallowed s o l u t i o n s  t o  t h e  Dirac equation and were necessary t o  d e s c r i b e  

an e l e c t r o n  l eav ing  t h e  nucleus afrU t o  g ive  rise t o  r a d i a t i o n .  The 

r e s u l t  of t h e  c a l c u l a t i o n  f o r  

cypsinede d p  = 
mPe k 

o r  by i n t e g r a t i n g  over 0 ,  

r 

an allowed t r a n s i t i o n  of t h e  nucleus is 

1 

1 

where 8 is t h e  angle  between t h e  observed e l e c t r o n  and gamma r a y  of 

momentum p and k r e s p e c t i v e l y ,  cy is t h e  f i n e  s t r u c t u r e  c o n s t a n t ,  and 

W and p are t h e  energy and momentum of t h e  e l e c t r o n  as it  is c r e a t e d .  

Throughout t h i s  paper  w e  w i l l  u se  t h e  system of u n i t s  w h e r e h  = c = m = 1. 

Equat ions (2)  and (3) express  t h e  d i f f e r e n t i a l  and t o t a l  p r o b a b i l i t y  

pe r  u n i t  time than  an e l e c t r o n ,  a l ready  created and l eav ing  the  nuc leus ,  

w i l l  radiate a quantum of energy k and i tself  be de tec t ed  wi th  an 

energy E . When app l i ed  t o  t h e  process of i n t e r n a l  conversion, the  

t o t a l  p r o b a b i l i t y  func t ion  is i n t e r p r e t e d  as t h e  quo t i en t  of t h e  

p r o b a b i l i t y  per  u n i t  t i m e  f o r  t h e  i n t e r n a l  Compton e f f e c t  and the  

p r o b a b i l i t y  pe r  u n i t  t i m e  f o r  t h e  conversion process .  Th i s  r e l a t i v e  

p r o b a b i l i t y ,  g, is then  c a l l e d  the i n t e r n a l  Compton c o e f f i c i e n t .  

c a l c u l a t i o n s  are expected t o  be v a l i d  f o r  low Z and p a r t i c l e  of high 

energy as r equ i r ed  by t h e  Born approximation (zCU/pul). The p robab i l i -  

t ies are independent of Z and mul t ipo le  o rde r  which restricts t h e i r  

e 

e 

The 

7 



a p p l i c a b i l i t y  and expected accuracy f o r  p r e d i c t i n g  t h e  i n t e r n a l  Compton 

e f f e c t  i n  most n u c l e i .  

10 C.  S. W. Chang and D. L.  Falkoff have developed a similar 

expression f o r  t h e  p r o b a b i l i t y  of e l e c t r o n  bremsstralung from semi- 

classical methods. T h e i r  c a l c u l a t i o n  is based on the  classical assump- 

t i o n  t h a t  an a c c e l e r a t e d  charge r a d i a t e s ,  and i n  t h i s  c a s e  they have 

assumed t h a t  t h e  e l e c t r o n  leaving  t h e  nucleus was given its v e l o c i t y  

instantaneously a t  t = 0. Here 2 is set equal t o  z e r o  and no at tempt  

is made t o  account for t h e  manner i n  which t h e  e l e c t r o n  received its 

energy. The r e s u l t  of t h i s  d e r i v a t i o n  y i e l d s  

where cy = 1/137 and f3 = v/c.  By i n t e g r a t i n g  Over 8 ,  one g e t s  

T h i s  i s  t h e  same r e s u l t  t h a t  can be a r r i v e d  a t  from t h e  Knipp- 

Uhlenbeck theory i f  one makes t h e  s u b s t i t u t i o n s  W = Ee,  Pe 5: p r e q u i r e d  

by t h e  assumption tha t  k i s  small ,  and p/Ee = @, p= 1/(1 - e a )  der ived  

from t h e  r e l a t i v i s t i c  e l e c t r o n  r e l a t i o n s h i p s .  I n  both cases, I n  o r d e r  

t o  a r r i v e  a t  numerical r e s u l t s  for  the  i n t e r n a l  Compton e f f e c t ,  i t  is  

necessary t o  mul t ip ly  by t h e  number of I n t e r n a l  conversion e l e c t r o n s  

emitted; 

Baumann and Robl” have c a l c u l a t e d  an  exac t  quantum mechanical 

ex ten t ion  of t he  work done by Chang and Falkoff  on i n t e r n a l  bremsstrahlung. 

They c a l c u l a t e  t h e  p r o b a b i l i t y  f o r  emission of an e l e c t r o n  and a co inc ident  

8 
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I 
. ,  gamma r a y  under t h e  condi t ion  k7>Z2/137 which r equ i r e s  t h a t  t h e  observed 

gamma r a y  be of high energy and the nucleus be of small atomic number. 

Thei r  c a l c u l a t i o n ,  l i m i t e d  t o  i n t e r a c t i o n s  with t h e  K s h e l l  e l e c t r o n s ,  

and performed with r e l a t i v i s t i c  wave func t ions ,  y i e l d s  t h e  fol lowing 

r e s u l t  f o r  t h e  electric and magnetic t r a n s i t i o n s  of mul t ipo le  o r d e r 1  . 

where 



where = $ + %, W equals  t h e  t r a n s i t i o n  energy, E and p are t h e  f i n a l  

energy and momentum of t h e  e l e c t r o n ,  k is t h e  energy of t h e  gamma r a y ,  

and 0 the  angle  between t h e  e l e c t r o n  and t h e  gamma r a y .  I n  these cal- 

c u l a t i o n s  d $  r e p r e s e n t s  t h e  d i f f e r e n t i a l  p r o b a b i l i t y  per  u n i t  time f o r  

t h e  i n t e r n a l  Compton e f f e c t  divided by t h e  p r o b a b i l i t y  per  u n i t  t i m e  

t h a t  t h e  nucleus undergoes a t r a n s i t i o n .  To c a l c u l a t e  t h e  e l e c t r o n  

spectrum versus  t h e  energy of t h e  e l e c t r o n ,  it is  necessary t o  

numerically i n t e g r a t e  these equat ions  over 0 ,  t h e  d i r e c t i o n  of t h e  

gamma r a y ,  and mul t ip ly  by t h e  t o t a l  number of t r a n s i t i o n s .  

In t he  l i m i t i n g  case where k -D 0 ,  o r  q -P p ,  t h e  Baumann-Rob1 

theory reduces t o  t h e  semi-c lass ica l  r e s u l t  of Chang and Falkoff f o r  

bremsstrahlung for  small energy losses. 

A .  Y. Iakobson12 has developed a n o n r e l a t i v i s t i c  p e r t u r b a t i o n  

approach under the r e s t r i c t i o n  t h a t  t h e  t r a n s i t i o n  energy be much less 

than  t h e  e l e c t r o n  rest energy. The c a l c u l a t i o n  assumes a n o n r e l a t i v i s -  

t i c  i n t e r a c t i o n  between a charged p a r t i c l e  and t h e  electromagnet ic  f i e l d  

which  h e  quant izes  w i t h  s p h e r i c a l  waves. Hydrogen-like, n o n r e l a t i v i s t i c  

wave func t ions  were used f o r  t h e  e l e c t r o n  and t h e  f i n a l  s ta te  treated 

i n  t h e  Born approximation where only t h e  long wavelength p a r t  of t h e  

gamma spectrum was considered.  The i n t e r n a l  Compton e f f e c t  is c a l c u l a t e d  

as a r e l a t i v e  p r o b a b i l i t y  c o e f f i c i e n t  def ined  as t h e  r a t i o  of t h e  proba- 

b i l i t y  of t h e  i n t e r n a l  Compton e f f e c t  t o  t h e  p r o b a b i l i t y  f o r  t h e  nucleus 

t o  elnit a' gamma ray from t h e  same t r a n s i t i o n .  The r e s u l t s  f o r  t h e  

electric and magnetic mul t ipo le  t r a n s i t i o n s  a r e  



I .  

Iakobson a l s o  inc ludes  t h e  r e s u l t s  of d iv id ing  h i s  r e l a t i v e  

p r o b a b i l i t y  c o e f f i c i e n t ,  x, by t h e  expression f o r  t h e  i n t e r n a l  conver- 

s i o n  c o e f f i c i e n t  f o r  t h e  same c h a r a c t e r  t r a n s i t i o n .  This r e l a t i v e  

p r o b a b i l i t y ,  termed t h e  i n t e r n a l  Compton c o e f f i c i e n t ,  t h e  same f o r  both 

t h e  electric and magnetic t r a n s i t i o n s ,  is now independent of mul t i -  

p o l a r i t y  and 2. 

The angular  dependence between the  e l e c t r o n  and gamma ray  has  

been i n t e g r a t e d  out i n  both sets of equations and t h e r e f o r e  t h i s  ca lcu-  

l a t i o n  is not  s u i t e d  t o  angular  c o r r e l a t i o n s .  

Equation (10) induced Iakobson t o  suggest tha t  perhaps t h e  

p r o b a b i l i t y  of t h e  i n t e r n a l  Compton e f f e c t  is equal t o  the product of 

t h e  p r o b a b i l i t y  f o r  i n t e r n a l  conversion and t h e  p r o b a b i l i t y  t h a t  t he  

e l e c t r o n  emits as it  l eaves  the  atom. We can compare t h i s  with Chang 

and F a l k o f f ' s  r e s u l t  by expanding their  express ion  f o r  the i n t e r n a l  

Compton c o e f f i c i e n t  as fo l lows .  

and s i n c e  

where 
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theref  o r e  

and if W = E according t o  t h e  assumption where k -+ 0,  one gets e 

which is j u s t  t h e  r e s u l t  of Iakobson’s n o n r e l a t i v i s t i c  c a l c u l a t i o n .  

Expressions f o r  t h e  abso lu te  and r e l a t i v e  p r o b a b i l i t i e s  for  the  

i n t e r n a l  Compton effect have been der ived f o r  t h e  magnetic 2 f m u l t i p o l e s  

by L. Spruch and G.  Goertzel” using t h e  Born approximation. 

of t h e  i n t e r n a l  conversion c a l c u l a t i o n s ,  they have neglec ted  t h e  b inding  

energy of the  e l e c t r o n  and restricted t h e  process  t o  account f o r  only 

t he  K s h e l l  e l e c t r o n s .  Addit ional  assumptions treat  the  in te rmedia te  

and f i n a l  s tate of t he  e l e c t r o n  as f ree  and neg lec t  terms i n  a2 as is 

On t h e  b a s i s  

cons i s t an t  w i t h  t h e  Born approximation. I t  is t h e r e f o r e  expected t h a t  

t h e  c a l c u l a t i o n s  would be v a l i d  when t h e  nuc lea r  charge is small and the  

energy given up  by the  nucleus is a t  least  t h e  o rde r  of t h e  e l e c t r o n  

rest energy. By d iv id ing  the  p r o b a b i l i t y  f o r  t h e  i n t e r n a l  Compton 

e f f e c t  by t h e  p r o b a b i l i t y  f o r  i n t e r n a l  convers ion ,  i t  is unnecessary 

t o  eva lua te  t h e  nuc lea r  mat r ix  e lements ,  and,  s i n c e  t h e  i n t e r n a l  conver- 

s i o n  p robab i l i t y  was a l s o  c a l c u l a t e d  w i t h  t h e  Born approximation, i t  is 

f e l t  t h a t  t h i s  would be more v a l i d  s i n c e  s imi la r  approximations are 

made i n  each c a l c u l a t i o n .  

P Thei r  r e s u l t  for t h e  2 magnetic mul t ipo le s  is 



where H = (E')'2 [W$ (1 - coge )  + ?E'] - (E')-' [k$ (1 - ~ 0 8 8 )  

(k + 9 + pk C o s W  q-2] + k [kE'- $k? (1 - C 0 . a )  qm2] 

F = [<# - PYJ - ( Z W ~ Z F I - ~  
E'= Ee - pcose 

This  d i f f e r e n t i a l  i n t e r n a l  Compton c o e f f i c i e n t  r e p r e s e n t s  t h e  r a t i o  of 

t h e  number of i n t e r n a l  Compton e l e c t r o n s  t o  t h e  number of conversion 

e l e c t r o n s  emit ted by t h e  same t r a n s i t i o n .  

The L s h e l l  c o e f f i c i e n t ,  according t o  Spruch and Goertzel, fol lows 

from t h e  K s h e l l  c o e f f i c i e n t s  by t h e  replacement of Z by Z/2 i f  t h e  2p 

and small components of t h e  2s c o n t r i b u t i o n s  are neglected.  The 

s p a t i a l  dependence of t h e  2s e l e c t r o n  wave f u n c t i o n s  has  been approxi- 

mated by neglec t ing  terms propor t iona l  i n  crZ. Therefore  

and t h e  L s h e l l  d i f f e r e n t i a l  c o e f f i c i e n t s  f o r  t h e  i n t e r n a l  Compton 

e f f e c t  become 

BL (R,k,e,Z 1 = BK (!, k,e,Z = Z/2) (12) 

We in t roduce  t h e  d e f i n i t i o n s  f o r  t h e  d i f f e r e n t i a l  magnetic 

i n t e r n a l  Compton c o e f f i c i e n t  and t h e  magnetic i n t e r n a l  conversion 

coef f i c i e n t  

Ni(IC) Ni (CE 1 - B, - - N Bi = - 
N i ( C E )  

where N (IC) and N (CE) are t h e  numbers of emit ted i n t e r n a l  Compton 

effect  and i n t e r n a l  conversion e l e c t r o n s  r e s p e c t i v e l y ,  and t h e  sub- 

s c r i p t  "I" is designated as e i t h e r  K or L depending on t h e  atomic s h e l l  

involved .  N is def ined  as t h e  number of gamma r a y s  emit ted from t h e  

Same t r a n s i t i o n  and i n  t h e  same t i m e .  

i 1 



1 

The magnetic i n t e r n a l  Ccnnpton c o e f f i c i e n t  for both t h e  K and L 

s h e l l  c o n t r i b u t i o n s  i s  then given by 

NK(IC) + NL(IC) 
- NK(CE) + N (CE) - 

L 
BK + L 

and using equat ion (13) t h i s  becomes 

Since the  r a t i o  of the  magnetic i n t e r n a l  conversion c o e f f i c i e n t  I S  

R = BK/BL 

equat ion (15) becomes 

Using equat ion (13) and equat ion (16) ,  w e  g e t  

1 - R - -  
R + L  'K+ R + l  BL - 

BK + L 

or s i n c e  

(14) 

(16) 

the  d i f f e r e n t i a l  p r o b a b i l i t y  f o r  t h e  i n t e r n a l  Compton e f f e c t  from both 

she1 1 s bec omea 

(IC) 
rc NK + L 

+ L N p E )  + NL(CE) 
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* .  Where t h e  p r o b a b i l i t y  of t h e  i n t e r n a l  Compton e f f e c t  is def ined as 

Ni (Ic) = p r o b a b i l i t y  f o r  i n t e r n a l  Compton e f f e c t  
p r o b a b i l i t y  t h a t  t h e  nucleus makes t h e  same t r a n s i t i o n  NT $ 2  = 

t h e  d i f f e r e n t i a l  p r o b a b i l i t y  involving both t h e  K and L s h e l l s  is 

(IC) + NL ( I C )  
= tK + *L - 

NT * K + L  - (18) 

where $ is calculated by rep lac ing  2 by 2/2 i n  *K. L 

To apply Spruch and Goertzel 's c a l c u l a t i o n  t o  the  e l e c t r o n  energy 

spectrum of t h e  i n t e r n a l  Compton e f f e c t ,  it is necessary t o  i n t e g r a t e  

equat ion (11) over 0 and mul t ip ly  by t h e  number of i n t e r n a l  conversion 

e l e c t r o n s  . 
I n  t h e  l i m i t i n g  case where k -+ 0 ,  t h e  d i f f e r e n t i a l  c o e f f i c i e n t  

aga in  reduces t o  t h e  semi-classical result obtained by Chang and 

Falkoff  for t h e  bremsstrahlung assoc ia ted  w i t h  be ta  decay. 

15 



CHAPTER I11 

APPARATUS-SUPERCONDUCTING MAGNET SPECTROMETER 

In  recent  yea r s  much e f f o r t  has been expended t o  measure 

accura te ly  e l e c t r o n  s p e c t r a  f r e e  from instrumental  d i s t o r t i o n s .  The 

developers of convent ional  magnet spectrometers  have had cons iderable  

d i f f i c u l t y  with s c a t t e r i n g  off  focusing b a f f l e s  and have had t o  r e s o r t  

t o  s t rong  sources  t o  provide adequate  count ing rates. The advent of 

s i l i c o n  s o l i d  s ta te  d e t e c t o r s  enabled measurements t o  be made a t  good 

r e so lu t ion ,  but such s p e c t r a  a l s o  inc lude  Compton d i s t r i b u t i o n s  r e su l -  

t i n g  from gamma rays  scattered i n  t h e  d e t e c t o r .  In  o rde r  t o  ana lyze  

e l ec t ron  s p e c t r a  under cond i t ions  of minimum d i s t o r t i o n ,  a supercon- 

duct ing magnet spectrometer  has  been developed. The use  of t h i s  

spectrometer ,  i n  conjunct ion  with s o l i d  s t a t e  d e t e c t o r s ,  combines t h e  

advantages of a t r u e  4n be ta  r a y  spec t rometer  with t h e  e x c e l l e n t  energy 

r e so lu t ion  c h a r a c t e r i s t i c  of s i l i c o n  d e t e c t o r s .  The complete collec- 

t i o n  of t h e  emitted p a r t i c l e s  enables  t h e  use  of very weak sources ,  

and thereby reduces t h e  s c a t t e r i n g  t h a t  might occur  i n  t h e  source  

i t s e l f .  Summing t h e  ou tpu t s  of t h e  d e t e c t o r s  l o c a t e d  a t  e i ther  end 

of t h e  so lenoid  has e l imina ted  a l l  d i s t o r t i o n  from e l e c t r o n  back- 

s c a t t e r i n g .  This  allows t h e  q u a n t i t a t i v e  a n a l y s i s  of small e f f e c t s  

t h a t  otherwise might be hidden i n  an  instrument-produced background. 

Since t h e  f l u x  of gamma rays  is not  inhanced by t h e  a p p l i c a t i o n  of a 
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magnetic f i e l d ,  t h e  Compton d i s t r i b u t i o n  r e s u l t i n g  from i n t e r a c t i o n s  i n  

the  detectors has  been almost t o t a l l y  e l iminated.  

Descr ipt ion of Equipment 

The general  detai l  of the  apparatus ,  as i l l u s t r a t e d  i n  

f i g u r e  2 ,  c o n s i s t s  of t h r e e  dewars, t h e  magnet, and a probe conta in ing  

t h e  d e t e c t o r s  and source.  The t w o  ou ter  dewars a r e  used f o r  t h e  

n i t r o g e n  and helium supply,  r e s p e c t i v e l y ,  and a r e  of conventional 

design wi th  t h e  c o n s t r a i n t  t h a t  the i r  diameters permit i n s e r t i o n  of t h e  

magnet. The inner  dewar is cons t ruc ted  of thin-wall  s t a i n l e s s  steel 

and is  evacuated w i t h  an i o n  pump t o  5 x 10 t o r r .  The i n n e r  dewar 

is designed t o  pass  through the c e n t e r  of t h e  so lenoid  and extend 

beyond the  l e v e l  of t h e  l i q u i d  helium. Its func t ion  i s  t o  provide 

i n s u l a t i o n  of the d e t e c t o r  probe from t h e  helium bath.  The so lenoid ,  

c o n t a i n i n g  t h e  probe, i s  i l l u s t r a t e d  i n  f i g u r e  3. The source ,  mounted 

on 1/4 m i l  aluminized m i l a r  f i l m ,  is pas i t ioned  along the a x i s  and a t  

t h e  midpoint of t h e  magnet. 

-7 

With t h e  f i e l d  directed p a r a l l e l  t o  t h e  a x i s ,  t h e  e l e c t r o n s  

emitted from t h e  source  a r e  cons t ra ined  t o  fol low helical o r b i t s  t o  

either of t h e  detectors. I f  a p a r t i c l e  b a c k s c a t t e r s  o f f  one of t h e  

detectors, i t  s p i r a l s  down t h e  f i e l d  i n  t h e  oppos i te  d i r e c t i o n  t o  be 

c o i n c i d e n t l y  absorbed by t h e  other d e t e c t o r .  

are summed, t h i s  arrangement adds the pulses  a r i s i n g  from t h e  i n i t i a l  

and b a c k s c a t t e r i n g  events  t o  y i e l d  a pulse  r e p r e s e n t i v e  of t he  t o t a l  

energy absorbed by t h e  d e t e c t o r s .  I n  c o n t r a s t ,  t h e  e f f i c i e n c y  f o r  

gamma r a y s  i s  l i m i t e d  t o  t he  s o l i d  angle subtended by t h e  d e t e c t o r s .  

Since t h e  d e t e c t o r  ou tputs  

17 
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Fig. 2. Superconducting magnet spectrometer 
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Fig. 3. Arrangement of detector probe i n  solenoid.  



With  t h e  geometry used i n  t h e  experiments,  t he  r a t i o  of complete 

c o l l e c t i o n  t o  t h e  two s o l i d  angles  y ie lded  an e f f i c i e n c y  of charged 

p a r t i c l e s  over gamma r a y s  of approximately 3 x 10  pe r  c e n t .  4 

The superconducting so lenoid  must meet three requirements:  

1. 

2. 

3 .  

The r a d i u s  a of t h e  working volume must be much less than  

the l eng th  1 t o  ensure a uniform f i e l d  and still  provide 

room f o r  t h e  probe and i n s u l a t i n g  dewar, 

The l eng th  1 must be s u f f i c i e n t l y  long  t o  allow a 

f avorab le  s o l i d  angle  r a t i o  f o r  t h e  supress ion  of 

the gamma ray d i s t r i b u t i o n  without  inc luding  t h e  

area where the  d i s t o r t i n g  end e f f e c t s  become 

s i g n i f i c a n t .  

The magnet must be capable  of producing f i e l d s  s t r o n g  

enough t o  conf ine  the  e l e c t r o n s  t o  a r a d i u s  not  

l a r g e r  than t h a t  of t h e  d e t e c t o r s .  

For the  so lenoid  spec t rometer  used, cond i t ion  (1) w a s  e a s i l y  

Refe r r ing  t o  f i g u r e  3 ,  a I 2.54 c m ,  R = 20.3 cm, and the  r a t i o  m e t .  

R/a = 8.0. 

c a l c u l a t i o n  of t h e  a x i a l  magnetic f i e l d  was made t o  Insu re  tha t  a t  least  

the  minimum f i e l d  f o r  focus ing  t h e  e l e c t r o n s  be p resen t  i n  the  reg ion  

of t h e  d e t e c t o r s .  Re fe r r ing  aga in  t o  f i g u r e  3 ,  t h e  p o s i t i o n s  of t h e  

s o l i d  s t a t e  d e t e c t o r s  r e l a t i v e  t o  t h e  c e n t e r  of the  so leno id  are z = 8.9 cm 

and z2 = -6.9 c m .  

of t h e  d i s t a n c e  (measured from t h e  c e n t e r )  along the  symetry  a x i s ,  is 

given by 

Condition (21, however, is not  so c l e a r l y  s a t i s f i e d ;  a 

1 

The axial magnetic f i e l d  of a so leno id ,  as a func t ion  
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This  r e l a t i o n  has  been numerically eva lua ted ,  and wi th  t h e  f i e l d  

normalized t o  un i ty  a t  t h e  c e n t e r  of t he  so l eno id ,  t h e  r e s u l t s  graphed 

i n  f i g u r e  4 were obtained. ' The range of t h e  d e t e c t o r  p o s i t i o n s  is 

shown by the  corss-hatched area. I n  these p o s i t i o n s ,  t h e  f i e l d  a t  t h e  

d e t e c t o r s  is maintained a t  a va lue  g r e a t e r  than  75% of t h e  maximum 

a v a i l a b l e  f i e l d .  

The e l e c t r o n s ,  emi t ted  by t h e  source a t  t h e  c e n t e r  of t h e  

so l eno id ,  fo l low a h e l i c a l  path i n  t h e  magnetic f i e l d .  The a x i s  of t h e  

h e l i x  is displaced from the a x i s  of t h e  so lenoid  by t h e  r a d i u s  of the  

h e l i x .  Th i s  r ad ius  may vary from ze ro ,  which corresponds t o  t h e  e l e c t r o n  

being emitted d i r e c t l y  down t h e  a x i s  of t h e  so lenoid ,  t o  some r a d i u s  r 

which corresponds t o  t h e  e l e c t r o n  being emitted normal t o  t h e  a x i s .  

m' 

I n  t h e  l a t t e r  case, two e f f e c t s  must be considered. 

(1) The e l e c t r o n s  may have such a l a r g e  r a d i u s  of cu rva tu re  

t h a t  they  may not  be inc ident  upon t h e  d e t e c t o r .  

The component of v e l o c i t y  along the a x i s  of the  so lenoid  

may not be l a r g e  enough t o  c o l l e c t  a l l  of the  charge 

wi th in  t h e  i n t e g r a t i o n  time of t he  a m p l i f i e r .  T h i s  I s  

of p a r t i c u l a r  concern where t h e  two d e t e c t o r s  a t  either 

end a r e  run i n  p a r a l l e l ,  with t h e i r  ou tpu t s  summed a s  

t h e  e l e c t r o n  scatters from the d e t e c t o r  a t  one end t o  

t h e  d e t e c t o r  a t  the  o the r .  I t  must then t r a v e r s e  the 

l e n g t h  of t h e  so lenoid  i n  a t i m e  which is s h o r t  compared 

t o  t h e  i n t e g r a t i o n  t i m e  of t h e  ampl i f i e r .  

(2) 
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The f i r s t  e f f e c t  depends upon t h e  size of t h e  magnetic f i e l d  and 

t h e  dimensions of t h e  d e t e c t o r s .  

i n  t h e  d i r e c t i o n  normal t o  a magnetic f i e l d  B, is cons t r a ined  t o  move 

i n  a c i r c l e  of r ad ius  r ,  as defined by p = (Be) r where e is t h e  

e l e c t r o n i c  charge.  This  r ad ius  w i l l  vary from z e r o  t o  sone maximum 

r a d i u s  r depending on t h e  component of momentum perpendicular  t o  the 

f i e l d .  I n  t h e  superconducting magnet spectrometer, t h e  e l e c t r o n  w i l l  

have t h e  maximum r a d i u s  when it  is emitted from t h e  source  i n  a d i r e c t i o n  

normal t o  t h e  magnetic f i e l d  of t h e  so lenoid .  Since E = T + 1, 

A charged par t ic le  wi th  a momentum p 

m 

= (T + l ) a  and us ing  the  r e l a t i o n s h i p  @ = 9 + 1 the maximum r a d i u s  

t h a t  a particle of k i n e t i c  energy T ,  emitted normal t o  t h e  f i e l d  B, can 

a t t a i n  is 

(p + 2 T ) ~  
Be r = p/Be = m (20 1 

The maximum r a d i u s  r 

magnetic f i e l d  has been c a l c u l a t e d  and is shown i n  f i g u r e  5 .  For t h e  

d e t e c t o r s  used, t h e  spectrometer  was operated i n  the cross-hatched 

reg ion .  The superconducting magnetic was capable of 30 k i logauss ,  and 

t h e  experiments run a t  25 ki logauss .  

as a func t ion  of the e l e c t r o n  energy and t h e  m 

The second e f f e c t  is more se r ious  s i n c e  t h e  f u l l  energy of some 

e l e c t r o n s  w i l l  never  be detected. I n  c a l c u l a t i n g  t h e  importance of 

t h i s  e f f e c t ,  the assumption is made t h a t  t h e  particles are i n i t i a l l y  

emitted from t h e  s o u r c e ' i n  an i s o t r o p i c  d i s t r i b u t i o n .  

number of p a r t i c l e s  emitted is propor t iona l  t o  t h e  s u r f a c e  area of a 

sphe re ,  concen t r i c  wi th  t h e  source .  T h i s  sphere  is shown i n  f i g u r e  6 

wi th  t h e  a d d i t i o n a l  assumption t h a t  the source  is a poin t  source.  

Then t h e  t o t a l  
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perpendioulrr to the u g n e t i c  f i e l d  B. 
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F i g .  6. Assumptions for calculating the fraction of the 
electronn emitted wi th in  an angle # . 
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This l a s t  assumption is a good one s i n c e  the  t o t a l  source i n t e n s i t y  

needed is only a f e w  nanocuries .  This  means t h a t  t h e  source  area can- 

be much smaller than t h a t  used i n  other types of spectrometers  and, i n  

our case, i t  is usual ly  less than 1 nu#. Therefore ,  t he  number of 

p a r t i c l e s  emit ted wi th in  an angle  $3 = 0 t o  6 = TI - 8 where 8 is 

measured with respec t  t o  t h e  a x i s  of the  so lenoid ,  is proport ional  t o  

t he  f r a c t i o n  of t h e  sphere swept ou t  by r o t a t i n g  around t h e  a x i s .  

Performing t h e  i n t e g r a t i o n ,  t he  number emit ted w i t h  t h i s  angle  is 

proport ional  t o  cos  8. 

The t i m e  of f l i g h t  of t h e  p a r t i c l e s  i s  determined by their  

component of v e l o c i t y ,  v p a r a l l e l  t o  t h e  f i e l d ,  and by the d i s t a n c e  

from t h e  source t o  t h e  d e t e c t o r .  This  time of f l i g h t ,  t ,  is given by 

z, 

The k i n e t i c  energy of the partfcles is 

where @ = v/c 

Theref ore , so lv ing  f o r  @, , equat ion becomes 

and s i n c e  
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where t i s  the  c o l l e c t i o n  t i m e  of t h e  de t ec t ing  sys tem,  i n  t h i s  case, 

t h e  i n t e g r a t i o n  t i m e  of t h e  ampl i f i e r .  In  f i g u r e  7 ,  t h i s  f r a c t i o n ,  

expressed as a percentage,  has been p lo ted  as a func t ion  of i n t e g r a t i o n  

time f o r  d i f f e r e n t  e l e c t r o n  energ ies .  Only one t r a v e r s a l  from t h e  

source t o  t h e  d e t e c t o r  has been considered. However, f o r  i n t e g r a t i o n  

times t h e  o rde r  of one microsecond, t h i s  f r a c t i o n  is st i l l  q u i t e  small 

f o r  s eve ra l  t r a v e r s a l s  . 
Figure  8 is a block diagram of the e l e c t r o n i c s .  The use of 

a mult ichannel  ana lyze r  e l imina te s  the necess i ty  of tak ing  a spectrum 

point-by-point as is requi red  i n  o t h e r  spectrometers.  The c o l l e c t i o n  

e f f i c i e n c y  is such t h a t  even w i t h  a 20 nanocurie  sou rce ,  run times 

were usua l ly  40 minutes o r  less. 

Operation and Experiments 

The i n i t i a l  experiments were performed us ing  one d e t e c t o r  a t  a 

t i m e  t o  observe t h e  conversion e l e c t r o n  spectrum of Bi207. Since 

207 Bi207 decays from t h e  ground state to  t h e  exc i t ed  s t a t e s  of Pb by 

e l e c t r o n  cap tu re ,  there is no competition w i t h  t he  conversion o r  

i n t e r n a l  Compton spectrum from a be t a  branch. Of t h e  f i v e  gamma r a y s ,  

t h e  570 keV, pure electric quadrupole is the  most i n t e n s e ,  followed by 

t h e  more h igh ly  converted 1064 keV, magnetic oc tupole  t r a n s i t i o n .  The 

h igh  i n t e r n a l  conversion c o e f f i c i e n t s  f o r  t h i s  w e l l  known nucleus 

make it  i d e a l l y  s u i t e d  f o r  i nves t iga t ing  the ope ra t ion  of t h e  supercon- 

duc t ing  magnet spectrometer.  The increase  i n  c o l l e c t i o n  with the  f i e l d  
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on is i n  agreement with t h e  source s t r e n g t h ,  as determined by knowing 

t h e  s p e c i f i c  a c t i v i t y  and t h e  amount of material p i p e t t e d  onto  t h e  

source-backing . 
Compared i n  f i g u r e  9 are t h e  spectrums w i t h  and without t h e  

f i e l d ,  a s  seen wi th  one d e t e c t o r .  I t  shows t h a t  t he  Compton d i s t r i b u -  

t i o n  has been s i g n i f i c a n t l y  reduced, but t h a t  t h e  backsca t te r ing  t a i l  

is s t i l l  ev ident .  

With t w o  detectors i n  p a x u l l e l ,  t h i s  t a i l  should be el iminated 

s ince  t h e  s c a t t e r e d  e l e c t r o n  is i n  coincidence w i t h  t h e  energy r e t a i n e d  

i n  the f i r s t  detector. I n  f i g u r e  10 the  spectrum taken w i t h  t h i s  

arrangement is shown. I t  is evident  t ha t  there remains a low energy 

ta i l  on t h e  d i s t r i b u t i o n .  We have i n v e s t i g a t e d  t h i s  p o r t i o n  of t h e  

spectrum and f i n d  it t o  be c o n s i s t e n t  w i t h  s e v e r a l  c a l c u l a t i o n s  of t h e  

i n t e r n a l  Compton e f f e c t .  We b e l i e v e  t h i s  t o  be t h e  first d i r e c t  

s p e c t r a l  observat ion of t h i s  phenamenon. 

I n  any experiment where t h e  effect under c o n s i d e r a t i o n  is 

small ,  it is necessary t o  determine whether t h e  c o n t r i b u t i o n  from back- 

ground is s i g n i f i c a n t .  The region from channel 100 to  160 ( i n  f i g u r e  1 0 )  

has been expanded, and is p l o t t e d  i n  f i g u r e  11. Two a d d i t i o n a l  sets of 

data  are shown. A spectrum was measured with t h e  superconducting magnet 

turned o f f ,  and a background spectrum of n e a r l y  cons tan t  amplitude,  

approximately 1% of t h e  f ie ld-on  spectrum, was observed. To determine 

t h e  c o n t r i b u t i o n  of any gamma ray  e v e n t s ,  aluminum absorbers  were 

placed before t h e  d e t e c t o r s  t o  absorb  any beta r a y s .  

spectrums have been measured w e l l  below t h e  peak of t he  i n t e r n a l  

conversion l i n e  where t h e  s p e c t r a l  d i s t r i b u t i o n  would be expected t o  

Both background 
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r e s u l t  from t h e  i n t e r n a l  Compton e f fec t .  The dashed l i n e  r e p r e s e n t s  

the s tandard devia t ion  of t h e  counds i n  t he  f ie ld-on spectrum and 

i n d i c a t e s ,  by comparison, t h e  n e g l i g i b l e  c o n t r i b u t i o n s  of t h e  back- 

ground and gamma r a y  spectrum. 

Conclusion 

The superconducting magnet spectrometer ,  when operated i n  

conjunction with s i l i c o n  s o l i d  s ta te  d e t e c t o r s ,  provides  a new method 

f o r  analyzing e l e c t r o n  spectra under ccmditions of minimum d i s t o r t i o n  

from gamma o r  backsca t te r ing  d i s t r i b u t i o n s .  The instrument has  t h e  

advantage of being r e l a t i v e l y  compact and r e q u i r i n g  l i t t l e  support ing 

equipment. Its opera t iona l  c a p a b i l i t i e s  have been i n v e s t i g a t e d  

pr imari ly  i n  t h e  observa t ion  of t h e  i n t e r n a l  conversion spectrum and 

tk:3 i n t e r n a l  Compton e f fec t ,  but i t s  a p p l i c a b i l i t y  e x i s t s  wherever i t  

i s  des i r ed  t o  s tudy e l e c t r o n  s p e c t r a  at t h e  high r e s o l u t i o n  a f forded  by 

solid s ta te  d e t e c t o r s .  
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CHAPTER I V  

ANALY SI s 

I n  order  t o  apply any of the  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t h e  

i n t e r n a l  Compton e f f e c t  t o  t h e  observed data it  is necessary t o  as- 

c e r t a i n  t h e  i n t e n s i t y  of t h e  i n t e r n a l  conversion l i n e  for  each t r a n s i -  

t i o n ,  and t o  account f o r  t h e  amount of d i s t o r t i o n  t h e  f i n i t e  l inewidth  

of the detectors in t roduces  i n t o  the  spectrum. 

Since the  superconducting magnet spectrometer  provides  complete 

c o l l e c t i o n  of t h e  emitted p a r t i c l e s ,  the  i n t e n s i t y  of t h e  conversion 

l i n e  has no dependence upon the  e f f ic iency  or s o l i d  angle  of t h e  

detectors. I n  t h e  c a s e  of a continuous spectrum, however, i t  is 

necessary t o  make a judgment on the extent  of t he  conversion l i n e .  

This  w a s  e s t a b l i s h e d  by f o l d i n g  the  high energy s i d e  of t h e  conversion 

peak symmetrically onto  t h e  l o w  energy side,  w i t h  t h e  assumption t h a t  

the high energy s ide is free from any d i s t o r t i o n  aside from the reso- 

l u t i o n  of the  d e t e c t o r s .  The peak so generated i n  t h i s  process is 

i l l u s t r a t e d  i n  f i g u r e  12 f o r  t h e  975 keV conversion l i n e .  

The r e l i a b i l i t y  of t h i s  method was checked i n  two ways. The 

conversion l i n e  i n t e n s i t i e s ,  represented by t h e  area under each peak, 

and t h e  accepted v a l u e s  for t h e  conversion c o e f f i c i e n t s  can be used 

t o  c a l c u l a t e  t h e  to ta l  i n t e n s i t y  of t h e  t r a n s i t i o n .  This  was performed 
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Fig .  12. Interna l  convers ion l i n e  shape determined by f o l d i n g  
over  t h e  h igh  energy a i d e  of t h e  peak. 

36 



for  both t h e  975 and 481 Kev conversion l i n e s  and t h e  ra t io  of these 

i n t e n s i t i e s  compares favorably w i t h  the  reported va lues .  

ra t io ,  def ined as t h e  number of conversion e l e c t r o n s  ejected from t h e  

K s h e l l ,  d ivided by t h e  number ejected from t h e  L s h e l l ,  can be 

compared w i t h  o t h e r  experimental  and t h e o r e t i c a l  va lues  for  each 

t r a n s i t i o n .  A comparison of these checks is made i n  Table  I and 11. 

I t  i s  poss ib le  f o r  the l inewidth  of t h e  d e t e c t o r s  t o  d i s t o r t  

The K/L 

the  spectrum because the number of counts r e g i s t e r e d  i n  any energy 

i n t e r v a l ,  o r  channel as it  is represented on a multichannel ana lyzer ,  

is only propor t iona l  t o  t h e  number of p a r t i c l e s  which a c t u a l l y  had 

t h a t  energy on e n t e r i n g  t h e  d e t e c t o r .  Consider f i g u r e  13. I f  one 

assumes a monoenergetic source,  such as an i d e a l i z e d  conversion line 

of i n t e n s i t y  \ ( I ) ,  where I r e p r e s e n t s  an index on t h e  energy i n t e r v a l ,  

then t h e  effect of a d e t e c t o r  w i t h  a f i n i t e  r e s o l u t i o n  is to  spread 

these counts  over a number of channels  each w i t h  an i n t e n s i t y  v0(I). 

Assuming tha t  no p a r t i c l e s  escaped the d e t e c t o r ,  the sum of t h e  

! 

broadened d i s t r i b u t i o n  should equal t h e  i n t e n s i t y  of the  monoenergetic 

l i n e .  T h i s  can be expressed as 

L 
k=-n (22) 

where 2n equals  t h e  number of channels  over which t h e  detector d i s t r i -  

buted $(I). 

When t h i s  a n a l y s i s  i s  appl ied  t o  a continuous d i s t r i b u t i o n  of 

incoming p a r t i c l e s ,  t h e  n e t  effect is tha t  t h e  d e t e c t o r  only records a 

f r a c t i o n  of the  counts  t h a t  en tered  within t h e  energy i n t e r v a l  I ,  but 
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TABLE I 

NK (CE 1 TRANSITION 
N ~ ( C E )  

THEORETICAL OTHER 
K/L RATIO EXPERIMENTAL 

K/LM RATIOS 

1064 keV 

975 keV (CE ) 

3.19 15 3.74 16 
17 

3.35 

3.40 

16 2.07 15 570 keV 2.45 3.1 

481 keV(CE) 3 .O 
17 

TABLE I1 

OTHER THEORETICAL NT ( 10 64 keV ) 

NT(570 keV) EXPERIMENTAL INTENSITY 
TRANSITION 

INTENSITY RATIOS RATIO 

1064 keV 
570 keV 

0.80 0 .  9 d 5  17 0.87 
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adds t o  t h i s  con t r ibu t ions  from adjacent  channels.  Thus t h e  number of 

counts ,  N ( I ) ,  d i sp layed  on t h e  ana lyzer  is given by 

n 
0 

" k= -n 

where 2n is t h e  r e s o l u t i o n  of t h e  d e t e c t o r  i n  channels as determined 

by observing t h e  d i s t r i b u t i o n  of a monoenergetic conversion l i n e .  

Provided t h e  r e s o l u t i o n  of t h e  d e t e c t o r  i s  r e l a t i v e l y  cons tan t  over  

t h e  energy range under cons ide ra t ion ,  t h e  t h e o r e t i c a l  d i s t r i b u t i o n s ,  

N ( I ) ,  can be co r rec t ed  for  t h i s  e f f e c t  by applying equat ion (23) 

t o  f o l d  i n  t h e  r e s o l u t i o n  of t h e  d e t e c t o r s .  I f  t h e  s lope  of t h e  

t h e o r e t i c a l  d i s t r i b u t i o n  does not  vary too grea t ly  over t he  number of 

channels corresponding t o  t h e  energy r e s o l u t i o n ,  fo ld ing  i n  t h e  

r e so lu t ion  w i l l  have l i t t l e  e f f e c t .  T h i s  c a l c u l a t i o n  was performed 

f o r  1 9  t h e o r e t i c a l  s p e c t r a  w i t h  less than a 2% change i n  t h e  region 

of i n t e r e s t .  

T 

I n  an a n a l y t i c a l  comparison of t h e  t h e o r e t i c a l  work with t h e  

experimental d a t a ,  three c h a r a c t e r i s t i c s  should be evaluated:  t h e  

i n t e n s i t y  of t h e  e f f e c t  should ag ree  i n  magnitude with t h e  da t a  t o  

demonstrate t h a t  t h e  d i s t r i b u t i o n  observed is a c t u a l l y  t h e  i n t e r n a l  

Compton e f f e c t ;  t h e  energy d i s t r i b u t i o n  should be considered t o  reveal  

any d i sc repanc ie s  o r  similari t ies i n  shape wi th  t h e  d a t a  o r  o the r  

c a l c u l a t i o n s ;  t h e  m u l t i p o l a r i t y  dependence should be inves t iga t ed  t o  

determine whether a unique assignment can be given t o  a t r a n s i t i o n  

on t h e  b a s i s  of t h e  theoretical c a l c u l a t i o n .  
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The t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t h e  i n t e r n a l  Compton e f f e c t  

involving K shell  e l e c t r o n s  a r e  compared t o  t h e  observed d a t a  i n  

f i g u r e  14.  

I n  eva lua t ing  these r e s u l t s ,  i t  is necessary t o  restrict t h e  

comparisons t o  the energy range below the  i n t e r n a l  conversion l i n e .  

As i n  f i g u r e  12 f o r  t h e  975 keV conversion l i n e ,  t h i s  range may extend 

up t o  channel 166, but on t h e  b a s i s  of t h e  l i n e  f o l d i n g  c o n s i d e r a t i o n s ,  

t he  v a l i d i t y  of t he  r e s u l t s  are r e s t r i c t e d  t o  below channel 160 f o r  

t he  M4 t r a n s i t i o n  and below channel 60 f o r  t h e  E2 t r a n s i t i o n .  

For t he  c a l c u l a t i o n  of Spruch and Goer tze l ,  t he  Born approxi- 

mation r e q u i r e s  t h a t  the  e l e c t r o n  momentum, p ,  obey t h e  r e l a t i o n s h i p  

p *CY 2-0 .6  mc?. This  is v i o l a t e d  for  Bi207  i n  the reg ion  of i n t e r e s t ,  

but t h e  agreement a t  h igher  energ ies  may be explained by t h i s  in-  

e q u a l i t y  improving as t h e  energy approaches that  of t h e  conversion 

l i n e .  Spruch and Goertzel  expect c l o s e  agreement w i t h  experimental  

data because t h e y  have c a l c u l a t e d  a r e l a t i v e  p r o b a b i l i t y  c o e f f i c i e n t ,  

i . e . ,  t h e  p r o b a b i l i t y  of the  i n t e r n a l  Compton effect d iv ided  by t h e  

p r o b a b i l i t y  for i n t e r n a l  conversion.  Since both c a l c u l a t i o n s  a r e  

performed in t h e  Born approximation, e r r o r s  r e s u l t i n g  from the  approxi- 

mations may have been lessened and agreement is expected a t  least  i n  

t h e  range where the Born approximation is able t o  predict a c c u r a t e  

Values for  the i n t e r n a l  conversion c o e f f i c i e n t s .  

The theory of Baumann and Rob1 y i e l d s  r e l a t i v e l y  good agreement 

w i t h  t h e  d a t a  f o r  the  magnetic t r a n s i t i o n  but  much less s a t i s f a c t o r y  

r e s u l t s  f o r  t h e  electric t r a n s i t i o n .  Their  work was performed under 
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t h e  requirement t h a t  k>) Q Z h . 6  m s  which is not  s a t i s f i e d  f o r  e i t h e r  

t r a n s i t i o n .  To c a l c u l a t e  t h e  i n t e n s i t y  of t h e  i n t e r n a l  Compton e f f e c t  

from t h e i r  work, it is necessary t o  multiply t h e  p r o b a b i l i t y  c o e f f i c i e n t ,  

$ ,  by t h e  number of decays, both e l e c t r o n  and gamma, undergone by t h e  

t r a n s i t i o n  under s tudy.  This  number can e a s i l y  be obtained i f  one 

knows t h e  i n t e r n a l  conversion c o e f f i c i e n t ,  cy and t h e  number of K '  

conversion e l e c t r o n s  emit ted.  

N =  NK and t h e  t o t a l  number of t r a n s i t i o n s  

Since aK = NK(CE)/Ny 

K Y Q 

theref  o r e  

= NK(CE) + N 
NT Y 

is given by 

I t  should be noted t h q t  any error in t h e  experimental  va lues  

f o r  NK(CE) o r  Q 

However, t h e  more s e r i o u s  problem is probably t h e  v i o l a t i o n  of t h e  

requirement k 7 7 u  Z by a p p l i c a t i o n  of t h i s  theory t o  Bi . 

w i l l  s i g n i g i c a n t l y  a l t e r  the  i n t e n s i t y  of t h e  r e s u l t .  K 

207 

Iakobson has  c a l c u l a t e d  t h e  i n t e r n a l  Compton e f f e c t  nonrela- 

t i v i s t i c a l l y  with t h e  requirement t h a t  W c c m c ? .  

s a t i s f i e d  f o r  e i t h e r  t r a n s i t i o n  considered. I t  was not  p o s s i b l e  t o  

apply t h e  m u l t i p o l a r i t y  dependent c a l c u l a t i o n  t o  t h e  M4 t r a n s i t i o n  

because t h e  g r o s s  v i o l a t i o n  of t h e  energy requirement y ie lded  a 

meaningless answer. I t  was p o s s i b l e ,  however, t o  apply t h e  Z and 

m u l t i p o l a r i t y  independent formula with r e l a t i v e l y  good agreement. 

I n  t h i s  formula Iakobson, l i k e  Spruch and Goertze1,divides t h e  proba- 

b i l i t y  f o r  t h e  i n t e r n a l  Compton e f f e c t  by t h e  n o n r e l a t i v i s t i c  probabi- 

l i t y  f o r  i n t e r n a l  conversion. The agreement of Iakobson's c a l c u l a t i o n ,  

even w i t h  such l a r g e  v i o l a t i o n s  i n  t h e  energy and Z requirements,  

This  i n e q u a l i t y  is not 
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i nd ica t e s  that  t h i s  type  of c a l c u l a t i o n  may have a g r e a t e r  range of 

v a l i d i t y  and may be less s e n s i t i v e  t o  t he  approximations than  t h e  

expressions r e l a t i n g  t h e  i n t e r n a l  Compton e f f e c t  t o  t h e  p robab i l i t y  of 

a nuc lear  t r a n s i t i o n .  For t h e  e lectr ic  t r a n s i t i o n ,  t h e  m u l t i p o l a r i t y  

dependent and t h e  m u l t i p o l a r i t y  independent formula of Iakobson y i e l d  

i d e n t i c a l  r e s u l t s  t h a t  are i n  good agreement w i t h  t h e  d a t a .  

The bremsstrahlung c a l c u l a t i o n  by Knipp-Uhlenbeck shows the  

l a r g e s t  v a r i a t i o n  i n  i n t e n s i t y  from the  d a t a .  This  is probably due I n  

pa r t  t o  t h e  assumption tha t  Z = 0 and t o  t h e  f a c t  t h a t  t h e  c a l c u l a t i o n  

is  independent of t h e  m u l t i p o l a r i t y  of t h e  t r a n s i t i o n .  

In  o rde r  t o  accu ra t e ly  compare the  d a t a  wi th  t h e  t h e o r e t i c a l  

p red ic t ions ,  it is  necessary t o  t a k e  i n t o  account t h e  c o n t r i b u t i o n  

from t h e  L shell  e l e c t r o n s .  Spruch p o i n t s  ou t  t h e  L s h e l l  c o e f f i c i e n t  

may be  c a l c u l a t e d  by r ep lac ing  Z by Z/2 and inc luding  t h e  change i n  

binding energy i n  equat ion (11). F igure  15 i l l u s t r a t e s  t h e  r e s u l t  of 

these  c a l c u l a t i o n s .  The dashed l i n e  r ep resen t s  an assumed shape f o r  t h e  

L d i s t r i b u t i o n  as determined by normalizing t h e  K and L s h e l l  conversion 

peaks and assuming t h e  same energy dependence. For  both t r a n s i t i o n s ,  

n e i t h e r  theory seems t o  be i n  agreement w i t h  each o t h e r  o r  what might 

be expected f o r  t h e  L s h e l l  c o n t r i b u t i o n .  On t h e  b a s i s  of t h e s e  cu rves ,  

i t  seems t h a t  equat ion (12) cannot adequately p r e d i c t  t h e  magnitude or 

the  energy dependence of t h e  L s h e l l  i n t e r n a l  Compton e f f e c t .  

F igure  16 i n d i c a t e s  the  e f f e c t  of cons ider ing  t h e  c o n t r i b u t i o n  

of the L s h e l l  t o  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  Th i s  has  increased  t h e  

agreement of Baumann and Robl 's  c a l c u l a t i o n  f o r  t h e  magnetic t r a n s i t i o n ,  

but l essened  t h a t  of Spruch and Goertzel's. The c a l c u l a t i o n s  of Knipp 

. -  
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and Uhlenbeck and t h e  m u l t i p o l a r i t y  independent formula of Iakobson 

have not been included because they have no dependence upon 2 and the  

L s h e l l  c o n t r i b u t i o n  could not  be ca lcu la ted .  

The energy dependence of t he  var ious theoretical d i s t r i b u t i o n s  

may be compared t o  t h e  d a t a  by normalizing the  i n t e n s i t i e s  a t  one 

energy. For t h e  i n t e r n a l  Compton effect from t h e  K s h e l l ,  the  energy 

dependence of t h e  c a l c u l a t i o n s  for t h e  magnetic t r a n s i t i o n  a l l  show a 

c o n s i s t e n t  devia t ion  from t h e  data. I n  each case t h e  theoretical 

d i s t r i b u t i o n  has a much smal le r  s l o p e  than t h e  d a t a .  This  e f f e c t  may 

be s i g n i f i c a n t  i n  view of t h e  fact t h a t  i f  t h e  l a c k  of i n t e n s i t y  

agreement w a s  due t o  ins t rumenta l ly  produced background, t h e  s l o p e  of 

the data would be smaller than t h e  theoretical c a l c u l a t i o n s .  When the  

K and L s h e l l  c o n t r i b u t i o n s  are considered t o g e t h e r ,  t h e  d e v i a t i o n  of 

t h e  energy d i s t r i b u t i o n  remains, although t h e  agreement wi th  the  

theories of Baumann and Robl, and Spruch and Goertzel  is b e t t e r .  For 

the electric t r a n s i t i o n ,  t he  t h e o r e t i c a l  d i s t r i b u t i o n s  f o r ' t h e  K s h e l l  

i n t e r n a l  Compton effect are scattered around t h e  data w i t h  Baumann and 

Robl 's  c a l c u l a t i o n  p r e d i c t i n g  t h e  best agreement. 

As w a s  s t a t e d  i n  t h e  in t roduct ion ,  one would hope t h a t  t h e  

i n t e r n a l  Compton e f f e c t  might provide another  method of determining 

the mul t ipo le  order  of a t r a n s i t i o n .  I n  order  t o  check t h i s  possi-  

b i l i t y ,  c a l c u l a t i o n s  were performed on each theory f o r  s e v e r a l  va lues  

of m u l t i p o l a r i t y  and t h e  r e s u l t i n g  curves compared t o  the  data w i t h  

r e s p e c t  t o  t h e  i n t e n s i t y  and energy d i s t r i b u t i o n .  An example of t h e  

d i s t r i b u t i o n  der ived  from Baumann and R o b l ' s  theory for  the magnetic 

t r a n s i t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  17 and f i g u r e  18. I t  should be 
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noted t h a t  where t h e  aK w a s  assumed t o  be known, t h e  i n t e n s i t y  of t h e  

i n t e r n a l  Compton effect increased  with mul t ipo le  o r d e r ,  whi le  t h i s  

dependence w a s  reversed when t h e  va lue  of t he  conversion c o e f f i c i e n t  

was taken from t h e  Born approximation. 

derived from t h e  comparison of t h e  c a l c u l a t i o n s  t o  t h e  observed d a t a  

are l i s t e d  i n  Table I11 where t h e  experimental  va lue  of t h e  i n t e r n a l  

conversion c o e f f i c i e n t  is used,  and i n  Table IV where t h e  c o e f f i c i e n t s  

are taken from t h e  c a l c u l a t i o n s  i n  t h e  Born approximation and are 

d i f f e r e n t  for each m u l t i p o l a r i t y .  I t  should be noted t h a t  t h e  energy 

d i s t r i b u t i o n  was not a s t rong  func t ion  of mul t ipo le  order  but  a t  times 

could be used independently f o r  a m u l t i p o l a r i t y  assignment.  

The conclusions t h a t  can be 

Another series of c a l c u l a t i o n s  were performed t o  a s c e r t a i n  

whether t h e  t h e o r e t i c a l  c a l c u l a t i o n s  were capable  of d i s t i n g u i s h i n g  

between the e lectr ic  o r  magnetic c h a r a c t e r  of a t r a n s i t i o n .  

done by applying t h e  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t he  electric t r a n s i -  

t i o n s  t o  t h e  d a t a  r e s u l t i n g  from t h e  magnetic t r a n s i t i o n  and conversely.  

The conclusions t h a t  were reached are l i s t e d  i n  Table  V. In  gene ra l ,  

the  energy dependence of t h e  d i s t r i b u t i o n s  w a s  i n  such poor agreement 

with t h e  d a t a  t h a t  no m u l t i p o l a r i t y  assignment could be made on t h i s  

bas i s .  

This  was 



TABLE I11 

TRANSITION 
AS PREDICTED BY 

BAUMA" AND ROBL IAKOBSON 
(I) (E 1 (I) 

1064 keV, 114 NK - 164 >M4 

- E l  E l  or E2 NK - E2 NK 570 keV, E2 

~ ~ ~~ 

(I) Represents intensity comparison, (E) Represents energy distribution 
comparison. 

TABLE IV 

- 

TRANSITION AS PREDICTED BY 
SPRUCH AND GOERTZEL BAUMA" AND ROBL IAKOBSON 
(I) (E 1 ( I )  (E 1 (I) 

1064 keV, Y4 NK - >114 >M4 

- >114 NK + L 

NK - M2 NK - >114 

NK - >E4 NK - E2 N -LE1 
K 570 keV, E2 

( I )  Represents intensity comparison, (E) Represents energy distribution 
comparison. 



TABLE V 

TRANSITION AS PREDICTED BY 
SPRUCH AND GOERTZEL BAullA" AND ROBL IAKOBSON 

(I 1 (I) (I) 

1064 keV, Y4 NK - >E4 
NK - E3 Q known K 

570 keV, E2 N~ - m 
NK K - N2-y3 ty known 

, 



CHAPTER V 

CONCLUSION 

The purpose of comparing t h e  t h e o r e t i c a l  p r e d i c t i o n s  t o  t h e  

observed data is t o  i d e n t i f y  t h e  d i 8 t r i b u t i o n s  below t h e  conversion 

l i n e s  as r e s u l t i n g  from the i n t e r n a l  Compton e f f e c t .  

agreement i s  not p e r f e c t ,  it is  r e l a t i v e l y  c e r t a i n  t h a t  t h i s  i s  indeed 

a p l a u s i b l e  explana t ion  f o r  t he  d a t a .  

Although the 

There are however, c e r t a i n  r e se rva t ions  which must be cons idered .  

In  applying t h e  t h e o r e t i c a l  c a l c u l a t i o n s  t o  t h e  d i s t r i b u t i o n s  r e s u l t i n g  

from the  decay of Bi207, t h e  requirements  set by t h e  Born approximation 

have been v i o l a t e d .  The inequa l i ty  p>;rcrZ i n d i c a t e d  tha t  t h e  accuracy 

of t h e  p r e d i c t i o n s  should improve as the c a l c u l a t i o n  approaches the 

energy of t h e  conversion l i n e .  In t h i s  reg ion ,  however, it becomes 

d i f f i c u l t  t o  compare the  t h e o r e t i c a l  d i s t r i b u t i o n s  t o  t h e  data because 

of the n e c e s s i t y  t o  account f o r  t he  d i s t o r t i o n  due t o  t h e  r e s o l u t i o n  of 

the d e t e c t o r s .  

A s  p rev ious ly  mentioned, t h e  c a l c u l a t i o n s  of Baumann and Rob1 

were a p p l i e d  i n  v i o l a t i o n  of t h e  requirement k27aZ which is oqly 

s a t i s f i e d  f o r  small e l e c t r o n  ene rg ie s .  Since t h e  i n t e n s i t y  of t h e  

i n t e r n a l  Compton e f f e c t  e l e c t r o n  spectrum is peaked a t  high e l e c t r o n  

e n e r g i e s ,  i t  is d i f f i c u l t  t o  s a t i s f y  t h i s  requirement and still  have a 

measurable  e f f e c t .  
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The Z dependence of t h e  i n t e r n a l  Compton e f f e c t  c o e f f i c i e n t  

i l l u s t r a t e d  i n  f i g u r e  19 i n d i c a t e s  t h a t  it is a decreasing func t ion  of 

atomic number. This  means t h a t  t h e  p r o b a b i l i t y  of t he  i n t e r n a l  Compton 

effect p e r  conversion e l e c t r o n  decreases w i t h  Z ,  but  not  neuessar i ly  t h e  

t o t a l  i n t e n s i t y  of t h e  e f f e c t .  Actual ly ,  t h e  i n t e n s i t y  i n c r e a s e s  with 

Z, but more slowly than t h e  i n t e r n a l  conversion c o e f f i c i e n t s .  This  

f a c t  i n d i c a t e s ,  t h a t  from t h e  s tandpoin t  of i n t e n s i t y ,  i t  is worth- 

w h i l e  t o  s tudy t h e  high Z n u c l e i  although c u r r e n t l y  a v a i l a b l e  t h e o r e t i c a l  

c a l c u l a t i o n s  are r e s t r i c t i v e  i n  t h i s  regard.  

A s  i n d i c a t e d  i n  f i g u r e  15, t h e  c o n t r i b u t i o n  of t h e  L s h e l l  

i n t e r n a l  Cornpton e f f e c t  t o  t h a t  of t h e  K s h e l l  is not  n e g l i g i b l e ,  and 

may s i g n i f i c a n t l y  a l te r  t h e  i n t e n s i t y  and t h e  energy d i s t r i b u t i o n .  

provide an accurate comparison of t h e  theoretical c a l c u l a t i o n s  t o  the  

da ta  i t  is  t h e r e f o r e  necessary t o  cons ider  t h e  L shell c o n t r i b u t i o n .  

A s  f i g u r e  15 i l l u s t r a t e s ,  however, t h e  c a l c u l a t i o n s  t h a t  were performed 

yielded l i t t l e  agreement, either among themselves or on t h e  basis of 

comparison w i t h  the  K s h e l l  c a l c u l a t i o n s .  

To 

The agreement of t h e  d a t a  and t h e  t h e o r e t i c a l  p r e d i c t i o n s  of 

t h e  i n t e r n a l  Compton e f f e c t ,  while  s u f f i c i e n t  t o  suggest  the o r i g i n  

of the d a t a ,  is not  a c c u r a t e  enough t o  provide a unique determinat ion 

of t h e  c h a r a c t e r  and m u l t i p o l a r i t y  of t h e  t r a n s i t i o n s  i n  Bi207. One 

of t h e  p o s s i b l e  advantages of making assignments on t h e  basis of t h e  

i n t e r n a l  Compton effect is t h a t  i t  has a d i s t r i b u t i o n  i n  energy t h a t  

can be d i r ec t ly  compared t o  t h e  d a t a .  I n  many cases, t h e  energy 

dependence of t h e  i n t e r n a l  Compton effect ,  wh i l e  small, was more capable  

of d i s t i n g u i s h i n g  between m u l t i p o l e  o r d e r s  t h a n  was the i n t e n s i t y .  

' '1 

I 

I 
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However, t h i s  r e q u i r e s  t h a t  t h e  energy dependence agree  over some range 

i n  energy which is d i f f i c u l t  t o , d o  when approximations favor  one l i m i t  

of the spectrum. The conclusion t h a t  can be reached on t h e  determina- 

t i o n  of mul t ipo le  o r d e r s  and the  c h a r a c t e r  of t h e  t r a n s i t i o n  is t h a t  

f o r  a high Z n u c l e i  such a s  Bi207, the t h e o r e t i c a l  c a l c u l a t i o n s  y i e l d  

incons is ten t  r e s u l t s .  
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